One Right-handed Neutrino to Generate Complete Neutrino Mass Spectrum in
  the Framework of NMSSM by Tang, Yi-Lei
ar
X
iv
:1
41
1.
18
92
v2
  [
he
p-
ph
]  
28
 N
ov
 20
14
One Right-handed Neutrino to Generate Complete Neutrino
Mass Spectrum in the Framework of NMSSM
Yi-Lei Tang
Institute of Theoretical Physics, Chinese Academy of Sciences,
and State Key Laboratory of Theoretical Physics,
P. O. Box 2735, Beijing 100190, China∗
(Dated: May 6, 2019)
Abstract
The see-saw mechanism is usually applied to explain the lightness of neutrinos. The traditional
see-saw mechanism introduces at least two right-handed neutrinos for the realistic neutrino spec-
trum. In the case of supersymmetry, loop corrections can also contribute to neutrino masses, which
lead to the possibility to generate the neutrino spectrum by introducing just one right-handed neu-
trino. To be realistic, MSSM suffers from the µ problem and other phenomenological difficulties, so
we extend NMSSM (the MSSM with a singlet S) by introducing one single right-handed neutrino
superfield (N) and relevant phenomenology is discussed.
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I. INTRODUCTION
Up to now, experiments have established the fact that neutrinos oscillate among each
other. Two mass-squared differences (δm212, δm
2
23), together with all three mixing angles(θ12,
θ23, θ13) have been measured[1], prompting us that at least two generations of neutrinos
among the three are massive. Type I see-saw Mechanism is a way to generate small Majorana
neutrino masses[2] by introducing lepton number violating ∆L = 2 Majorana mass term for
right-handed neutrinos. On the other hand, in the framework of supersymmetry, after
the lepton number is violated, one-loop radiative corrections naturally generate non-zero
neutrino mass terms[3].
It is possible to generate realistic neutrino spectrum by introducing just one right-handed
neutrino in supersymmetry. Minimal supersymmetry standard model (MSSM) extended
with one right-handed neutrino is discussed in [4]. Considering both tree-level see-saw
mechanism and the one-loop radiative corrections[3], one right-handed neutrino is enough
to generate masses for three generations of neutrinos. However, MSSM suffers from the µ
problem. Next to minimal supersymmetry standard model (NMSSM)[5] extended with one
right-handed neutrino was originally discussed in [7], [6] [8], where right-handed neutrinos
acquire TeV-scale Majorana mass terms through their couplings with the singlet Higgs su-
perfield S introduced in NMSSM. This coupling also establishes the connection between the
right-handed neutrinos with the Higgs sectors, which may influence the phenomenology of
the Higgs bosons. The possibility that right-handed neutrino in the framework of NMSSM
may contribute to the Higgs boson mass is also discussed in [9].
In this paper, we will show that NMSSM extended with a single right-handed neutrino
superfield can generate the complete neutrino mass spectrum considering both contributions
from the tree-level Type-I see-saw mechanism and one-loop radiative corrections. We will
show that this model contains all the possibilities of the size of mixing angles. It is because
once the correct mass spectrum is generated, it is almost free for us to rotate the mass matrix,
with little experimental limitations. We also considered other experimental constraints and
calculated the corrections of the Higgs Boson mass from the contributions of the right-handed
neutrino[9], and gave some numerical results.
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II. MODEL AND CALCULATION
Here we impose a global Z3 symmetry and keep the R-parity conservation, just as usual
NMSSM with Z3 symmetry[5]. The Z3 quantum number assigned to the right-handed
neutrino N is the same as Singlet Higgs S, while the R-parity of N is set as positive, just as
other MSSM matter superfields. Thus the involved superpotential is strongly limited into
the form
Wpart = λNSNN + yNHu · LN + λSHu ·Hd + κ
3
S3, (1)
where S is the singlet Higgs superfield originally existed in NMSSM, and N is the right-
handed neutrino. Here we only listed the terms involving lepton and Higgs fields.
The relevant soft terms breaking the supersymmetry are listed below,
−Lsoft ⊃ M2Hu |Hu|2 +M2Hd|Hd|2 +M2s |S|2 + (λAλHu ·HdS +
κ
3
AκS
3 + h.c.) +ml2ijL˜
†
i L˜j
+M2
N˜
|N˜ |2 + (λNANSN˜N˜ + h.c.) + (yNAyNHuL˜N˜ + h.c.) (2)
where ml2ij = m
l2
ji.
One might consider a more compact model that N just plays the role of S [10]. However,
this model breaks R-parity and do not contain dark matter.
If scalar S˜ acquires a vacuum expectation value(vev) vs,
S = vs +
SR + iSI√
2
, (3)
terms like N˜N˜ appears, which supplies the ∆L = 2 quadratic terms in the sneutrino sector,
contributing to the one-loop neutrino mass corrections.
The vevs of the doublet Higgs fields are defined as
H0u = vu +
Re(H0u) + iIm(H
0
u)√
2
, H0d = vd +
Re(H0d ) + iIm(H
0
d)√
2
(4)
Neutrinos then acquire tree-level Majorana mass terms after integrating out the fermionic
N through Figure 1 [9],
MTreeLevelνij = −yNiyNj
v2u
MN
. (5)
Because rank({yNiyNj}) = 1, matrix {MTreeLevelνij } has only one non-zero eigenvalue, which
leave other neutrinos massless.
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FIG. 1: Tree-level see-saw neutrino mass.
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FIG. 2: One-loop diagram to generate neutrino mass by “Mass Insertion Method”.
Now that we are considering a supersymmetric theory, each particle is paired up with
a super-partner, so is the right-handed neutrino. Thus, right-handed scalar-neutrino con-
tribute into the mass terms of neutrino through radiative corrections in Figure 2. As men-
tioned in [4], in order for the loop-level neutrino mass terms not to be aligned with the tree
level ones, we also need cross terms in the Sneutrino soft mass-squared matrix mνij which
result in flavor-changing neutral current (FCNC) processes in the lepton sector.
From Figure 2, we can estimate the loop-level neutrino mass,
moneloop ∼ (Loop Factor)ml2ijv2ug2
yNyNAyNAyNM
2
N˜N˜
M7
, (6)
where M is the typical mass scale of the propagators in the loop, ml2ij is the off-diagonal
elements of the soft mass-square matrix of the left-handed leptons. Fortunately, for TeV
see-saw mechanics, yN tend to be rather small and are ∼ 10−6, which is comparable with the
electron Higgs Yukawa coupling term, thus allows relatively large AyN , which significantly
increase the moneloop, and its phenomenological effects are also highly suppressed by the
factor yN which always appear together with AyN .
Figure 2 is based upon the “Mass Insertion Method”, which is clear in concept, however
is complicated to be calculated when the number of “crosses” inserted into a propagator are
many. Unlike [4], in this paper we only use “Mass Insertion Method” to analyse qualitatively
however calculate directly in mass-eigenstate basis quantitatively through Figure 3.
Calculating in mass-eigenstate basis according to Figure 3 involves a summation over a
group of graphs with different real scalar propagators. Each graph in Figure 3 is infinite,
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FIG. 3: one-loop neutrino mass calculated under mass eigen-state basis
unlike Figure 2. If we use the dimensional regularization scheme, all 1
ǫ
terms appear in each
diagram should be accurately cancelled, the non-zero remains of the finite part is just due
to difference of the masses and the mixing between the real part and the imaginary part
of each scalar field. The mixing among scalar fields cannot be omitted even though they’re
small, exceeding the capability of ordinary computational numeric float-point data types,
however, we use gmp/mpfr to deal with it.
Calculating one single diagram in Figure 3 generates the result
mOneDiagram =
λ1λ2mf
4pi2
m2f −m2s +m2f ln µ
2
m2
f
−m2s ln µ
2
m2
k
m2f −m2s
, (7)
particularly, when ms → mf ,
mOneDiagram =
λ1λ2mf
4pi2
ln
µ2
m2f
, (8)
where mf , ms separately indicates the mass of the Majorana particle and the real scalar
particle running in the loop. µ can be any mass-scale and must be accurately cancelled
into disappearance after summing over all corresponding diagrams. In (7) and (8), we also
dropped the divergent 1
ǫ
for simplicity, which we know that should also be cancelled finally.
We define
N˜ =
N˜R + iN˜I√
2
, ν˜i =
ν˜iR + iν˜iI√
2
. (9)
Notice that according to (1) (2), when S˜ acquires vacuum expectation value vs, N˜N˜ terms
are generated and thus split the mass spectrum of N˜R and N˜I , and influence the spectrum
of ν˜R and ν˜I through mixture between right-handed and left-handed sneutrinos. The result
of the 8× 8 mass-square matrix of sneutrinos is showed below,
L ⊃ −
[
v˜∗iR N˜
∗
R v˜
∗
iI N˜
∗
I
]


Mν,3×3 yNAyNvu 0 0
yNAyNvu M
2
R 0 0
0 0 Mν,3×3 yNAyNvu
0 0 yNAyNvu M
2
I




v˜iR
N˜R
v˜iI
N˜I

 , (10)
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where Mν3×3 is just the ordinary mass matrix of sneutrinos in NMSSM,
Mν3×3 = [m
l2
ij ] +
1
2
m2Z cos 2β, (11)
where [mlij ] is the supersymmetry breaking soft mass matrix of left-handed leptons. In
addition,
M2R = 4λ
2
Nv
2
s +M
2
N˜
+ 2λNvsAN + 2λN(κv
2
s − λvuvd)
M2I = 4λ
2
Nv
2
s +M
2
N˜
− 2λNvsAN − 2λN(κv2s − λvuvd) (12)
From observing (10) together with (12), we can learn that the mass split of the real and
the imaginary part of N˜ was transferred into ν˜i by the mixing term yNAyNvu. Then, there
are 8 different real-scalar sneutrinos out of 3 left-handed neutrino and one right-handed
neutrino superfields.
Diagram 3 involves the neutrilinos. There are 5 neutrilinos in NMSSM theory, each is
a mixture of bino, neutral wino, 2 higgisinos and one singlino. sneutrinos interact with
the neutral gauginos through the supersymmetry electro-weak gauge vertices, while interact
with the higgisinos through the Yukawa vertices. Left-handed neutrinos do not directly
interact with singlinos. However, on the circumstances of the Tev-scale see-saw mechanism,
gauge coupling constant (typically ∼ 0.3) is much greater than Yukawa coupling constant
(typically ∼ 10−7 − 10−8), so the radiative one-loop contribution is mainly due to the bino
and neutral winos. The ν˜ν˜χ type coupling constant matrix for each neutrilino in the basis
of [B˜ W˜ 0 H˜0u] is showed below,
L ⊃ ν¯i 1− γ
5
2
B


−g1 0 0 0 ig1 0 0 0
0 −g1 0 0 0 ig1 0 0
0 0 −g1 0 0 0 ig1 0


ij
ν˜ ′j
+ ν¯i
1− γ5
2
W 0


−g2 0 0 0 ig2 0 0 0
0 −g2 0 0 0 ig2 0 0
0 0 −g2 0 0 0 ig2 0


ij
ν˜ ′j (13)
+ ν¯i
1− γ5
2
H0u
1
2
√
2


0 0 0 yN1 0 0 0 iyN1
0 0 0 yN2 0 0 0 iyN2
0 0 0 yN3 0 0 0 iyN3


ij
ν˜ ′j ,
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where
ν˜ ′j =
[
ν˜iR N˜R ν˜iI N˜I
]
i
. (14)
In numerical calculation, we rotate (3) into mass eigenstate by multiplying the matri-
ces with the neutrilino transforming matrix supplied by NMSSMtools, and the sneutrino
transforming matrix is calculated according to (10).
We have to mention that this model do not have the ability to predict any mixing angles,
that is to say, any mixing angle is permitted if only the correct mass-squared difference is
acquired. If we get an example of neutrino mass matrixMν with the correct mass spectrum,
then we can always find a unitary matrix V to rotate Mν into the “correct” matrix M
correct
ν
with the “correct” mixing angles, that is to say,
Mν →M correctν = V ∗M ′νV †. (15)
Use the same V to operate the all of the sneutrino soft mass-square matrix, the HuLiN
Yukawa coupling constants yNi, and the A-terms AyNiyNi altogether into a new group of
parameters to input into the theory,
ml2 → ml2correct = V ml2V †
yN → V †yN (16)
yNAyN → V †yNAyN .
Then we can always acquire “correct” M ′ν . What we only need to consider is that whether
these operations involving ml2ij disturb the off-diagonal terms which generate large FCNC.
In fact, as |Vij| ≤ 1 always hold, so the magnitude of mij(i 6= j) do not change. Therefore,
in the processes of numeric calculation, we only concern about the neutrino mass-square
hierarchy.
III. NUMERICAL RESULTS AND ANALYSE
We modified NMSSMTools-4.2.1[13][14] by adding the effects of our extended sectors.
The HuLN Yukawa coupling constants and the corresponding A terms are so small that
their phenomenology effects are highly suppressed, thus we needn’t consider them. We
checked and followed [9] together with [11] to calculate the loop contribution to Higgs mass,
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and see appendix for the process and formulae in detail. We also assume that only R-parity
odd N˜ can be the candidate of dark matter, thus we modified the model files contained in
the MicroOMEGAS[15] inside the NMSSMTools.
We opened the constraint on muon anomalous gµ − 2 when scanning, which is so sen-
sitive to the supersymmetry breaking soft masses of sleptons. Though we need non-zero
off-diagonal elements of the soft mass-square matrix of the left-handed leptons, they are
constrained by experimental limits such as the branching ratio of µ→ e+ γ[12]. In order to
avoid such constraints, we need either relatively large slepton masses or small off-diagonal
terms. However, the constraint of muon’s gµ − 2 prefers smaller supersymmetry breaking
soft terms of sleptons, so we set the range (500GeV )2 < ml11 = m
l
22 = m
l
33 < (1500GeV )
2,
and mlij <
1
10
mlii for each i 6= j. This scale cannot avoid FCNC µ → e + γ completely,
however, which will be discussed in the next section.
When calculating neutrino mass matrix, cases are that accuracy of beyond 10−20 is
needed, so we used the numerical tools gmp/mpfr. However, this technique extremely slows
down the speed, so we scanned avoiding to consider the neutrino masses at first, then calcu-
late the neutrino mass matrices by testing in yN -AyN -m
l
ij(i 6= j) parameter space for each
parameter point passed the previous constraints. We should note that if the lepton-number
U(1)L symmetry does not break, diagrams in Fig. 3 cancel with each other strictly. It is
due to the existence of the lepton-number violating terms λNSNN and λNANSN˜N˜ that
different diagrams in Fig. 3 cannot be cancelled out strictly, leaving a small finite value,
looking as if we are tuning something. As mentioned before, we needn’t care about the
mixing angles as they can always be acquired after exerting the mentioned process on each
parameter point without disturbing the phenomenology.
The scanning processes are divided into three steps. First of all, scan from parameter
space
0GeV ≤ M1 < 600GeV, 320GeV ≤M2 < 600GeV, 800GeV ≤M3 ≤ 2000GeV
1 ≤ tanβ ≤ 10, 0.1 ≤ λ ≤ 0.7, 0.1 ≤ κ ≤ 0.7, 100GeV ≤ µeff ≤ 1000GeV
−5000GeV ≤ Aλ ≤ 5000GeV, − 5000GeV ≤ Aκ ≤ 5000GeV.
(500GeV )2 ≤ ml2ii = mE2ii ≤ (1500GeV )2 (17)
During this step, NMSSMTools is hardly modified except the lower-bound of the lightest
Higgs mass. The Higgs mass bound is temporarily set as 112.7GeV < MHiggs < 128.7GeV .
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Just because we opened the anomalous gµ − 2 constraints, we can see from Figure 6 that
mlii concentrate below 600GeV.
Then the second step to calculate the modification of the Higgs mass by the right-handed
neutrino sectors is applied. We modified NMSSMTools-4.2.1 by changing the part of the
Higgs sectors considering the effects from the right-handed neutrino sectors. Here, the
Higgs mass bound is set back to 122.7GeV < MHiggs < 128.7GeV in order to filter the
consequences output from the previous step.
The final and the most important step is to decide the remaining parameters inside the
range
−1× 10−6 ≤ yN1 ≤ 1× 10−6, − 1× 10−6 ≤ yN2 ≤ 1× 10−6, − 1× 10−6 ≤ yN3 ≤ 1× 10−6,
−300TeV ≤ AyN1 ≤ 300TeV, − 300TeV ≤ AyN2 ≤ 300TeV, − 300TeV ≤ AyN3 ≤ 300TeV,
|ml2ij | ≤
1
10
ml2ii (for each i 6= j) (18)
for each of the parameter point obtained from the last step. We scanned randomly in
this area at first, and tested each point to see whether it can lead to the correct neutrino
mass-squared difference, then start from the nearest point to “jog” near the correct position
7.12× 10−5 < ∆m221 < 8.20× 10−5
2.31× 10−3 < |∆m231| < 2.74× 10−3. (19)
This process takes most of the time.
If we rotate the basis of Li by a unitary matrix V , the parameters yNi, yNiAyNi(i is not
summed up) correspondingly behave like a “vector-like representation” of V , so define the
scalar-like norm of these two parameters
yNS =
√√√√ 3∑
i=1
y2Ni,
AyNSyNS =
√√√√ 3∑
i=1
(AyNiyNi)2). (20)
Though ml2ij(i 6= j) do not transform like a vector, we still define a “scalar-like”
ml2s =
√
(ml212)
2 + (ml213)
2 + (ml223)
2. (21)
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FIG. 4: Neutrino mass with correct hierarchy in the AyNS - yNS plane
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Figure 4, 5 and 6 show the parameter points from the aspects of yNS - AyNS, yNS -
ml2s
ml2ii
, mlii -
ml2s
ml2ii
planes separately, where mlii =
√
ml2ii denotes the soft mass of the sneutrino.
Especially from the Figure 4, we can confirm our previous discussion that relatively large
AyN ∼ 102TeV are needed in order to generate a relatively large loop contribution to the
originally massless neutrinos in tree-level. However, AyNyN ∼ 1GeV, which is so small that
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FIG. 7: The extra higgs mass δMHiggs contributed by right-handed neutrino
they can be ignored in most of the phenomenology analysis. One might believe that a large
A-term could break the stability of the correct vacuum, resulting in some other deeper vacua,
as mentioned in the Ref. [6]. However, in this situation, we should also consider the gauge
quartic terms such as 1
8
(g2 + g′2)(|H0u|2 − |H0d |2)2, and the λ2NN2N∗2 from other yukawa
terms. After a some calculation, we can see these quartic terms actually stabilize the correct
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vacuum. In fact, when we calculate the contribution to higgs mass from the right-handed
neutrino sectors, we omitted these A-terms. By the way, Figure 7 shows that Higgs mass
does have the possibility to recieve a relatively large correction, which is compatible with
that in [9].
IV. PHENOMENOLOGY
Although we would like the AyN terms to be large enough in order for the loop corrections
to be comparable with the tree-level terms, loop-corrections still tend to be smaller. They
only give smaller masses to the two neutrinos which are originally massless up to tree-
level see-saw mechanism. Thus, we predict a normal-hierarchy mass spectrum of neutrinos
without any degeneracy.
We have mentioned that we need off-diagonal terms in the soft mass-squared terms of
sleptons, which may lead to visible µ → e + γ decay. The branching ratio of this chain is
estimated in [12]
Br(µ→ eγ) ∼
(
ml2eµ
ml2ii
)2(
100GeV
mlii
)4
10−6. (22)
From the data showed in Figure 6, we can estimate that Br(µ → e + γ) varies from
10−12 − 10−10. Compared with the PDG data Br(µ → e + γ) < 2.4 × 10−12[16], it
means at least some of the points have passed the constraint and some are on the edge
of the experimental bound. As mentioned before, if we assume that the source of muon
anomalous gµ − 2 comes from the NMSSM sectors, the soft masses of sleptons are strictly
constrained to be much smaller than 1TeV, and we imposed this constraint during our scan-
ning procedure. If we release such a constraint, the slepton mass can reach above 1TeV so
that µ→ e+ γ decay is totally invisible.
In Ref. [16], bounds on other muon FCNC decay channels are listed, such as µ → 3e,
µ→ e+2γ. These bounds on branching ratios are roughly of the similar order of magnitude
of µ → e + γ, but their Feynmann-diagrams usually involve a higher-order perturbative
expansion, thus the effects are depressed, so we did not discuss them. On the other hand,
the τ -FCNC bounds are much looser, so we did not talk about them either.
As mentioned in Appendix I, TeV scale right-handed neutrinos have no hope to become
dark matter, as they usually decay quickly. If R-parity is conserved, the scalar partner of
12
N might become the LSP, thus the candidate of the dark matter, and the corresponding
phenomenology is discussed in [20]. As we have noted, we added the effects of the right-
handed scalar neutrinos in our theory when calculating the dark matter relic density.
Generally, the possibility to discover a right-handed neutrino directly on a collider is
significantly suppressed due to the rather small Yukawa coupling yN in the case of TeV
see-saw mechanism, unless other physical sectors beyond the Standard Model which appear
to interact with right-handed neutrinos exist[19]. In the circumstances of NMSSM, the
interaction between the right-handed neutrino and the singlet Higgs (characterized by the
magnitude of yN and AyN) can be relatively large. If we are able to observe the singlet
Higgs directly in the future, we can take a glimpse of right-handed neutrinos by watching
the properties of the singlet, e.g. an invisible decay chain in the case that the right-handed
(s)neutrino is lighter than the singlet higgs, or its correction to the propagator when it is
heavier.
V. CONCLUSION
In this article, we have shown that NMSSM with a Z3 symmetry extended with only
one right-handed neutrino superfield can generate a complete spectrum of three massive
light Majorana left-handed neutrinos. The tree-level see-saw mechanism can only generate
one massive neutrino, with the remaining two acquiring masses from radiative one-loop
corrections. To accumulate the loop effects in order it can be comparable with the tree-level
in quantity, we need relatively large AyN ∼ 102TeV , however other phenomenological effects
from them are suppressed by the Yukawa yN ∼ 10−7. Though off-diagonal terms are needed
in the soft mass-square terms of the sleptons, we are still able to acquire the correct neutrino
mass differences without conflicting with the phenomenology constraints. We also showed
that once the correct mass-difference is acquired, any figure of mixing angles is allowed, and
of course so is the one measured by experiments. We also confirmed that the right-handed
neutrino can contribute to Higgs mass by its coupling with the Higgs sectors.
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Appendix: I
In order to consider the effects of N , N˜ during the calculation of dark matter decay
modes, we should give all of the corresponding vertices.
VhiN˜RN˜R =
√
2λNλ (vuSi2 + vdSi1)−
√
2
(
2λNκvs + 4λ
2
Nvs + λNAN
)
Si3, (A.1)
VhiN˜I N˜I = −
√
2λNλ (vuSi2 + vdSi1) +
√
2
(
2λNκvs − 4λ2Nvs + λNAN
)
Sj3 (A.2)
VhihjN˜RN˜R = −λN [2κSj3Si3 − λ(Sj1Si2 + Si1Sj2)]− 4λ2NSj3Si3 (A.3)
VhihjN˜IN˜I = λN [2κSj3Si3 − λ(Sj1Si2 + Si1Sj2)]− 4λ2NSj3Si3 (A.4)
VaiN˜RN˜I = −2λN (−λvPi1/
√
2 +
√
2κvsPi1) +
√
2λNANPi2, (A.5)
VaiajN˜RN˜R = 2λN(−λ sin β cos βPi1Pj1 + κPi2Pj2)− 4λ2NPi2Pj2, (A.6)
VaiajN˜IN˜I = −2λN (−λ sin β cos βPi1Pj1 + κPi2Pj2)− 4λ2NPi2Pj2, (A.7)
VhiNN = −
√
2λNSi3 VaiNN =
√
2iλNPi2γ
5, (A.8)
VχiN˜RN = −λN
Ni5
2
√
2
VχiN˜IN = λN
iNi5γ
5
2
√
2
, (A.9)
VN˜RN˜RH+H− = −λNλ cos β sin β, (A.10)
VN˜I N˜IH+H− = λNλ cos β sin β, (A.11)
VN˜RN˜RN˜RN˜R = VN˜IN˜IN˜I N˜I = 6λ
2
N , (A.12)
VN˜RN˜RN˜IN˜I = 2λ
2
N , (A.13)
where the definition of the diagonalized field hi, ai, together with their diagonalizing matrix
Sij , Pij is similar to the tree-level ones in Appendix II. However, unlike appendix II, we
should note that when applying these vertices to calculate the dark matter relic density, we
should use the renormalized version of hi, ai, Sij , Pij. Part of the vertices listed here is
copied and modified from [9].
All of them are input into the MicroOMEGAS[15] model files inside the NMSSMTools,
and most of the vertices will also be used when calculating the Higgs mass. Because N˜
is assigned with the odd R-parity, N˜ rather than fermionic N is set as the candidate of
the dark matter. One may ask the question that whether right-handed neutrinos can play
the role of dark matter if they decay slowly enough. According to [17][18], right-handed
neutrinos heavier than 1 GeV usually decay less than one second, so it is impossible for
them to become the dark matter.
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Appendix: II
The tree-level Higgs mixing matrix should be calculated before proceeding the renormal-
ization scheme. Define hbare = [Re(H0u), Re(H
0
d), SR], the CP-even mass-eigenstate higgs in
tree level are
hi = Sijh
bare
j (A.1)
where Sij is an orthogonal rotation matrix. For [Im(H
0
u), Im(H
0
d), SI ], define
A = cos βIm(H0u) + sin βIm(H
0
d)
G = − sin βIm(H0u) + cos βIm(H0d), (A.2)
then drop the Goldstone state G, and diagonalize (A, SI) into
a1 = P11A+ P12SI
a2 = P21A+ P22SI , (A.3)
we acquire two CP-odd mass-eigenstates. To diagonalize the neutralino mass matrix MN
in the basis ψ0 = (−iλ1,−iλ2, ψ0u, ψ0d, ψs), define χ0i = Nijψ0j .
To calculate the contribution to the higgs mass from the right-handed neutrino, we need
to choose a renormalization scheme. We choose the parameter set
MZ ,MW , e, tHu , tHd, tHs︸ ︷︷ ︸
on-shell sheme
,MH± tan β, λ, vs, κ, Aκ︸ ︷︷ ︸
DR scheme
, (A.4)
where tHu , tHd, tHs are the tadpoles of the CP-even Higgs fields. MZ , MW , e need not be
renormalized and are just regarded as SM input parameters. Replace the parameters by the
renormalized ones plus the counterterms:
tHu → tHu + δtHu , tHd → tHd + δtHd, tHs → tHs + δtHs ,
tanβ → tanβ + δ tan β, λ→ λ+ δλ, κ→ κ + δκ
vs → vs + δvs, Aκ → Aκ + δAκ, M2H± → M2H± + δM2H±
(A.5)
renormalized two-point functions need to be calculated in mass-eigenstate basis (Hi), (i =
1 − 3), by using the vertices listed in (A.1-A.13), and then to be rotated into the original
basis (Hu, Hd, S). The field-renormalization constant δZHiHi is calculated through
δZHiHi = −
∂ΣHiHi
∂k2
∣∣∣∣div
k2=(M
(0)
Hi
)2
. (A.6)
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To get δZHu , δZHd, δZS, equations
δZHiHi = |Si1|2δZHd + |Si2|2δZHu + |Si3|2δZS (i = 1, 2, 3) (A.7)
should be solved. We also need to calculate ΣAiAj (k
2), in order to extract some divergent
terms. These constants determine the counterterms listed in (A.5), and we list them in the
following text.
δtHi = Sjit
(1)
hj
(i = u, d, s, j = 1, 2, 3), (A.8)
where t
(1)
hj
denote the one-loop Higgs tadpoles.
δ tanβ =
[
tanβ
2
(δZHu − δZHd)
]
div
, (A.9)
δλ =
e2
4λM2W s
2
W
[
ΣP,11(M
2
P,11)
]
div
, (A.10)
where ΣP,11 = Pi1ΣAiAjPj1.
δM2H± = Re(ΣH±H±(M
2
H±))
∣∣
div
(A.11)
δvs =
[
−vs δλ
λ
− δM2H±
]
div
(A.12)
δκ =
1
2vs
δ(M)SS − κδvs
vs
(A.13)
δAκ =
[
− 1
3κvs
[ΣP,22(M
2
P,22)− δf ]−Aκ[
δκ
κ
+
δvs
vs
]
]
div
, (A.14)
where
δf =
tHS√
2vs
− MW sin θW sβc
2
βc
2
βB
ev2sc
2
∆β
(tHu + tHdtβt
2
βB
) (A.15)
+
M2Ws
2
W s
2
2β
2e2v2sc
2
∆β
(M2H± −M2W c2∆β) +
λM2W sin θW
2s2β
2e4v2s
(2λM2W sin θ
2
W s2β + 6κe
2v2s),
and βB denotes the tree-level β.
After the determination of the counter-terms, the Higgs mass sectors are differentiated
and the related terms are replaced with the counter terms acquired through the previous
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steps. The elements of the mass matrix of the Higgs sectors are listed below:
M2S11 =
ecβcβB
2MW sW c2∆β
[−tHdsβBtβB + tHusβB(tβtβB + 2)]
+
c2β
c2∆β
[M2H± + (M
2
Zt
2
β −M2W )c2∆β] +
2λ2M2W s
2
W c
2
β
e2
, (A.16)
M2S12 =
ecβc
2
βB
2MW sW c2∆β
[tHdtβt
2
βB
+ tHu ]−
sβcβ
c2∆β
[M2H± + (M
2
Z −M2W )c2∆β] +
λ2M2W s
2
Ws2β
e2
,(A.17)
M2S13 =
c2βc
2
βB√
2vsc2∆β
[tHdtβt
2
βB
+ tHu ] +
√
2MWsW sβc
2
β
evsc2∆β
[M2W c
2
∆β −M2H± ]
+
√
2λMWsW cβvs
e
[2λtβ − κ] +
−2√2λ2M3W s3Wsβc2β
e3vs
, (A.18)
M2S22 =
ecβc
2
βB
2MW sW c
2
∆β
[tHd(2tβtβB + 1)− tHutβ ]
+
s2β
c2∆β
[M2H± + (M
2
Zt
−2
β −M2W )c2∆β] +
2λ2M2W s
2
W s
2
β
e2
, (A.19)
M2S23 =
sβcβc
2
βB√
2vsc2∆β
[tHdtβt
2
βB
+ tHu ] +
√
2MWsW s
2
βcβ
evsc2∆β
[M2W c
2
∆β −M2H± ] (A.20)
+
√
2λMWsW cβvs
e
[2λ− κtβ] +
−2√2λ2M3W s3Ws2βcβ
e3vs
(A.21)
M2S33 = κAκvs + 4κ
2v2s +
tHs√
2vs
+
MWsW sβc
2
β
e2v2sc
2
∆β
[2M2H±MW sWsβ − e(tHdtβs2βB + tHuc2βB)]
+
M2W s
2
Ws2β
2e4v2s
[2λ2M2W s
2
Ws2β − 2κλe2v2s −M2W e2s2β ]. (A.22)
M2P11 =
2λ2M2W s
2
W c
2
∆β
e2
+M2H± −M2W c2∆β, (A.23)
M2P12 =
MW sWs2β√
2evsc∆β
[M2H± −M2W c2∆β]−
cβc
2
βB√
2vsc∆β
[tHu + tHdtβt
2
βB
]
+
λMW sW c∆β√
2e3vs
[2λM2W s
2
Ws2β − 6κe2v2s ], (A.24)
M2P13 = M
2
H±t∆β +
M2W s2∆β
2e2
[2λ2s2W − e2] +
ecβB
2MW sW c∆β
[tHdtβB − tHu ], (A.25)
M2P22 = −3Aκκvs +
tHs√
2vs
− MW sWsβc
2
βc
2
βB
ev2sc
2
∆β
[tHu + tHdtβt
2
βB
]
+
M2W s
2
Ws
2
2β
2e2v2sc
2
∆β
[M2H± −M2W c2∆β] +
λM2W s
2
W s2β
e4v2s
[λM2W s
2
Ws2β + 3κe
2v2s ], (A.26)
M2P23 =
MW sWs2β
2
√
2evsc∆β
[2M2H±t∆β −M2W s2∆β]−
cβc
2
βB
t∆β√
2vsc∆β
[tHu + tHdtβt
2
βB
]
+
λMW sWs∆β√
2e3vs
[2λM2W s
2
Ws2β − 6κe2v2s ], (A.27)
M2P33 = M
2
H± tan
2∆β +
M2W sin
2∆β
e2
[2λ2s2W − e2]
+
e
2MW sW c2∆β
[tHdcβ−2βB − tHusβ−2βB ], (A.28)
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where cX , sX , tX denote respectively cosX , sinX , tanX . The M
2
Sij
are mass-square ma-
trix elements in the basis (Re(H0u), Re(H
0
d), SR), and M
2
Pij
are the elements in the basis
(A, SI , G).
Theoretically, all divergent 1
ǫ
should be precisely cancelled after the renormalization
scheme in the final results. We checked this carefully. Though the existence of matrices
Pij, Sij blurred the final expressions, divergent terms proportional to
1
ǫ
must be indepen-
dent of field basis, so we can directly calculate the divergent part by setting Pij = Sij = δij,
which is much easier to operate. We checked and modified the formulae listed in [9] by
verifying whether the infinite parts of the diagrams can be automatically cancelled. Only
when confirming this, can we calculate on.
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